TiC x coatings were chemically vapour deposited in an industrial reactor on Fe-C substrates with carbon contents between 0.06 and 1.20wt% C. Electron probe microanalyses showed that significant amounts of chromium and iron were present in the coatings and that chromium was also present in the substrate region adjacent to the coatings. By comparing calculated and measured lattice parameters (corrected for the internal stresses present) it became evident that the chromium was in solid solution in TiC x, whereas the iron was not. This was confirmed by micro Auger electron spectroscopy and X-ray diffraction phase analyses. The carbon to metal ratio, x, of the TiC x coatings decreased with increasing distance to the coating/substrate interface. The effect of iron on the X-ray diffraction line broadening and hardness of the coatings was large (in contrast with the effect of chromium) and increased with increasing distance to the coating/substrate interface because of a decreasing iron particle size. The TiC X crystallite size was small and constant throughout the thickness of the coatings. The chromium present in the substrate region adjacent to the TiC x coatings influenced the microstructure of the substrate by formation of iron, chromium-carbides and reduced the growth rate of the coatings.
Introduction
Chemically vapour deposited (CVD) TiCx coatings are well known for their wear and corrosion resistance [1] . For example, the lifetime of steel cutting and forming tools increases by one to two orders of magnitude if they are coated with TiCx.
Many characteristics of TiCx (e.g. hardness [2] [3] [4] [5] , carbon diffusivity [6, 7] , electrical resistivity [8] ) depend on its carbon content x which can vary between 0.61 and 0.96 [9] . Therefore knowledge of the composition of TiC~ is important for understanding the relations between properties and deposition circumstances.
It is not generally realized that elements such as oxygen, chlorine, chromium and iron are usually present in TiCx coatings chemically vapour deposited in an industrial reactor system, and that these may influence coating properties. In the present investigation the chemical constitution and microstructure of such TiCx coatings on Fe C substrates are studied. Electron probe microanalysis (EPMA), micro Auger electron spectroscopy (AES), X-ray diffractometry (XRD), light microscopy and microhardness measurements were employed.
The method of determination of solid solubilities from lattice parameters is well known. A complication exists for the TiCx coatings investigated: both longrange stresses and elements such as oxygen, chlorine, chromium and iron may change the value of the lattice parameter. This complication is dealt with in this paper. For a report of the internal stresses in the specimens investigated, the reader is referred to Sloof et al. [10] .
It will be shown that the chemical constitution and the microstructure of the TiCx coatings are closely related.
Specimen preparation

Fe-C substrates
Fe C substrates were used with carbon contents varying between 0.06 and 1.20wt % C. The carbon contents were determined by combustion analysis (see Table I ). The substrates were prepared from very pure powders of iron (99.999wt%, Ventron, FRG) and carbon (99.5 wt %, Ventron, FRG) in the following way. An alumina container with iron powder (previously reduced in hydrogen at about 1100 K) was evacuated to 10 -2 Pa. Then the iron was melted in a pure argon Coatings on Fe + 0.06wt % C were too thin for accurate analyses.
Oxygen and chlorine content of coatings ~< 0.5 at. %.
atmosphere (using high-frequency induction heating).
A calculated quantity of carbon powder was then added and dissolved in the iron melt. Several evacuation, solidification and remelting steps were used to ensure that a homogeneous and pure Fe C alloy was formed, without gas inclusions. The melt was poured into a cylindrical graphite mould (diameter 30 mm) for the final solidification. The total aluminium content of the substrates after this preparation was found to be about 4 x 10 -3wt%. After solidication, the Fe C rods were sawn into slices of about 10 mm thickness using a diamond saw. Both sides of all substrates were mechanically polished (final stage 1/lm diamond), ultrasonically cleaned in ethanol, degreased with freon and slightly etched in a 2% nital solution prior to coating with TiC~.
The CVD process
The CVD process was carried out in a standard industrial reactor system (Bernex Co., Switzerland) with a reactor vessel of stainless steel (iron with 24 to 26 wt % Cr, 19 to 23 wt % Ni, 0 to 3.5 wt % C). In the first run, TiCx was deposited on the substrates over 5h at 1273 -t-5K from hydrogen gas (99.998vo1%, Philips, The Netherlands) with 3 vol % TIC14 (> 99vo1%, Merck, The Netherlands), at a total pressure of 6.7 kPa and a gasflow of 4 lmin -~ (specimen series A). In two additional runs (specimen series B and C) the substrates were coated under the same conditions but with 3vo1% CH 4 (99.95vo1.%, Air Products, The Netherlands) added to the gas atmosphere. In specimen series B and C not only carbon from the substrate, but also carbon from the gas atmosphere contributed to TiCx formation. After layer deposition the specimens were allowed to cool in the reactor in a protective hydrogen atmosphere; this took about 2 h.
Samples for analyses
For the investigation of cross-sections two pieces of about 5 mm x 5 mm and 2 mm thick were cut with a diamond saw from the TiCx/Fe-C specimens. In order to avoid curvature of the edges of the TiC x coatings during grinding and polishing, the two pieces were mounted in a steel holder with the TiCx coatings towards each other and an aluminium foil in between. First the assembly was ground with SiC emery paper (final stage 14#m SiC) and then lapped with 9#m diamond followed by mechanical polishing (final stage 1/4#m diamond). After each preparation step the assembly was ultrasonically cleaned in ethanol. After the final diamond polish an etching in a 2% nital solution was applied.
For EPMA at the free surface of the TiC~ coatings, a piece of about 5 mm x 5 mm and 5 mm thick was cut with a diamond saw from the TiCx/Fe-C specimens. These samples were moulded in a conductive mounting compound (Resin-2, Struers, Denmark). Surface roughness was removed by grinding on a disc with 15 #m diamond. Then the samples were mechanically polished (final stage l#m diamond). After each preparation step the samples were ultrasonically cleaned in ethanol.
For the determination of carbon by EPMA the samples were subjected to a final polish with 0.05/tm 7-A1203 and then rinsed with demineralized water and finally cleaned ultrasonically in ethanol.
The as-prepared TiCx/Fe-C specimens were mounted in the X-ray diffractometer without further preparation. For the X-ray diffractometry of both sides of a coating, from each specimen series (see Section 2.2) a TiCx coating was detached from the substrate in the following way. From the CVD specimen a disc-shaped sample of 30mm diameter and 1 mm thick was cut with a diamond saw. The disc was moulded in a cold-mounting compound (Technovit 3040, Kulzer, FRG). The substrate was removed by grinding on SiC emery paper and finally by etching in a solution of 8 wt % HC1 in water at about 330 K. The remaining chips of the TiCx coating were rinsed in demineralized water and the mould was removed in chloroform. Finally the TiCx coating was mounted on a (510) oriented silicon single crystal wafer (48mm diameter and 1 mm thick) using grease (Glisseal, Borer Chemie, Switzerland).
Methods of investigation
Metallography
Light microscopy of the cross-section was performed with a Neophot-2 microscope (Carl Zeiss, Jena, GDR). By etching in a 2% nital solution (see Section 2.3) the grain boundaries and phase boundaries of the Fe-C substrate were preferentially attacked, whereas the TiCx coating remained unattacked.
The microhardness was determined on cross-sections as a function of the distance to the coating/substrate
